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Establishment of tooth blood supply and innervation is
developmentally regulated and takes place through
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Abstract

Teeth are richly supported by blood vessels and peripheral nerves. The aim of this study was to describe in detail
the developmental time-course and localization of blood vessels during early tooth formation and to compare
that to innervation, as well as to address the putative role of vascular endothelial growth factor (VEGF), which is
an essential regulator of vasculature development, in this process. The localization of blood vessels and neurites
was compared using double immunofluorescence staining on sections at consecutive stages of the embryonic (E)
and postnatal (PN) mandibular first molar tooth germ (E11-PN7). Cellular mRNA expression domains of VEGF and
its signaling receptor VEGFR2 were studied using sectional radioactive in situ hybridization. Expression of VEGF
mMRNA and the encoded protein were studied by RT-PCR and western blot analysis, respectively, in the cap and
early bell stage tooth germs, respectively. VEGFR2 was immunolocalized on tooth tissue sections. Smooth muscle
cells were investigated by anti-alpha smooth muscle actin (¢SMA) antibodies. VEGF showed developmentally
regulated epithelial and mesenchymal mRNA expression domains including the enamel knot signaling centers
that correlated with the growth and navigation of the blood vessels expressing Vegfr2 and VEGFR2 to the dental
papilla and enamel organ. Developing blood vessels were present in the jaw mesenchyme including the
presumptive dental mesenchyme before the appearance of the epithelial dental placode and dental neurites.
Similarly, formation of a blood vessel plexus around the bud stage tooth germ and ingrowth of vessels into
dental papilla at E14 preceded ingrowth of neurites. Subsequently, pioneer blood vessels in the dental papilla
started to receive smooth muscle coverage at the early embryonic bell stage. Establishment and patterning of the
blood vessels and nerves during tooth formation are developmentally regulated, stepwise processes that likely
involve differential patterning mechanisms. Development of tooth vascular supply is proposed to be regulated by
local, tooth-specific regulation by epithelial-mesenchymal tissue interactions and involving tooth target
expressed VEGF signaling. Further investigations on tooth vascular development by local VEGF signaling, as well
as how tooth innervation and development of blood vessels are integrated with advancing tooth organ
formation by local signaling mechanisms, are warranted.
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Introduction

Teeth are organs that serve distinct specialized masticatory
functions and are essential for the majority of vertebrates.
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The developing tooth germ is also a beneficial model sys-
tem for the investigation of developmental mechanisms in
three-dimensional organ formation, development and func-
tion of peripheral innervation and stem cells, as well as in
the study of the mechanisms underlying human dental
genetic anomalies (Fried et al. 2007; Cobourne & Sharpe,
2013; Klein et al. 2013; Kaukua et al. 2014; Luukko & Ket-
tunen, 2014, 2016; Thesleff, 2014; Yu et al. 2015). In order
to carry out its lifelong functions, the tooth is supplied and
supported by the peripheral sensory nerves, which mediate
sensory functions as well as blood vessels, and supply oxy-
gen and nutrients and dispose of waste products. In
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addition, blood flow in the dental blood vessels is under
the control of sympathetic nerves (Olgart, 1996).

The development of tooth germ is characterized by
epithelial folding morphogenesis, which leads to the forma-
tion of the tooth-specific crown shape as well as gradual
determination and differentiation of tooth-specific hard tis-
sue secreting cells, followed by root formation and eruption
of the tooth into the oral cavity (Kollar & Lumsden, 1979;
Thesleff & Nieminen, 2005). Classical developmental biology
research has established that odontogenesis is regulated by
local, reciprocal and sequential epithelial-mesenchymal tis-
sue interactions between ectodermal epithelium and neural
crest-derived ectomesenchymal cells (Mina & Kollar, 1987;
Lumsden, 1988). Conserved signaling molecular pathways,
which mediate dental tissue interactions, are integrated into
signaling networks controlling odontogenesis (Cobourne &
Sharpe, 2010; Jussila & Thesleff, 2012). Many of the impor-
tant signals are expressed in the epithelial signaling centers
involved in regulation of tooth budding morphogenesis
and ultimate shape of the crown, finally determined by
deposition of enamel (Jernvall et al. 1994; Thesleff et al.
2001; Luukko et al. 2003).

Developmental investigations using the mouse mandibu-
lar first molar tooth germ as a model system have demon-
strated that growth, navigation and patterning of dental
sensory trigeminal nerves occurs in a strict, developmentally
regulated manner that is intimately linked with advancing
crown morphogenesis and cell differentiation (Mohamed &
Atkinson, 1983; Kettunen et al. 2005, 2007; Moe et al.
2008). Local interactions between the dental epithelial and
mesenchymal tissue components (Luukko et al. 2008;
Luukko & Kettunen, 2014, 2016) and tooth target expressed
members of signaling molecule families such as transform-
ing growth factor B (TGFB), WNT, hedgehog (HH) and
fibroblast growth factor (FGF)-families (Kettunen & The-
sleff, 1998; Kettunen et al. 1998, 2007; Cobourne & Sharpe,
2013; Thesleff, 2014) integrate tooth organogenesis in the
development of its peripheral nerve supply (Kettunen et al.
2005, 2007). In addition, besides serving sensory functions,
there is evidence that nerves serve broader, non-neuronal
roles during odontogenesis (Tuisku & Hildebrand, 1994;
Kaukua et al. 2014; Zhao et al. 2014).

The cardiovascular and neuronal systems are among the
earliest organ systems to develop (Lohela et al. 2009).
Blood vessels and nerves are frequently arranged in an
orderly pattern, and often are located alongside one
another, and are functionally and physically interdepen-
dent (Carmeliet & Tessier-Lavigne, 2005). Development of
vascular and nervous systems is regulated by members of
various signaling molecular families such as semaphorin
and ephrin, netrin, slit and vascular endothelial growth fac-
tor (VEGF) as well as their receptors (Carmeliet & Tessier-
Lavigne, 2005; Carmeliet & Jain, 2011; Chung & Ferrara,
2011; Erskine et al. 2011; Ruiz de Almodovar et al. 2011). In
the adult tooth, blood vessels and nerves are often located

in the vicinity of each other (Hildebrand et al. 1995; Rodd
& Boissonade, 2003; Steiniger et al. 2013). Especially myeli-
nated nerve bundles display a tight association with arteri-
oles in the root pulp and in the central region of the
crown pulp (Steiniger et al. 2013). Because neurites and
blood vessels have been located in the same areas of the
developing tooth in separate studies, this raises the ques-
tion of their intimate association and developmental inter-
dependence during development (Gaunt, 1959; Decker,
1967; Mohamed & Atkinson, 1983; Luukko, 1997; Kettunen
et al. 2005; Nait Lechguer et al. 2008; Rothova et al. 2011;
Yuan et al. 2014).

Although localization of dental blood vessels has been
investigated earlier in different species and by using differ-
ent methods, studies in the mouse mandibular first molar, a
central model system for developmental dental studies, have
been limited to restricted stages (Gaunt, 1959; Decker, 1967;
Nait Lechguer et al. 2008; Rothova et al. 2011; Yuan et al.
2014). In particular, comparison between the localization of
neurites and blood vessels during tooth development has
not been performed. Most molecular discoveries regarding
formation of the tooth and its supporting tissues have, hith-
erto, been based on work with mouse teeth, in particular
the mandibular first molar (Jheon et al. 2013; Luukko & Ket-
tunen, 2014; Thesleff, 2014). Here, we performed systematic,
intricate analysis of the developmental time-course and
localization of blood vessels in the mouse molar tooth germ
prior to histological commencement of tooth germ develop-
ment to after the inception of enamel formation in the
crown postnatally, and compared their localization with
growing neurites on the same sections using double
immunofluorescence. VEGFA is critical for both vasculogene-
sis and angiogenesis, and for the development of large
blood vessels (Carmeliet et al. 1996; Ferrara et al. 1996; Yan-
copoulos et al. 2000; Ferrara, 2004). Thus, expression of
VEGF mRNA and its signaling receptor VEGFR2, as well as
development of smooth muscle coverage of blood vessels,
were investigated systematically during embryonic and early
postnatal stages of mandibular first molar development.
Our results show that, like tooth innervation, formation of
blood vessels in the tooth is a developmentally regulated
process that is intimately integrated with advancing tooth
histomorphogenesis. Moreover, rather than being depen-
dent on, or regulated by, neurites, blood vessel develop-
ment is suggested to be controlled by local tissue
interactions and developmentally regulated VEGF signaling,
involving the activity of the enamel knot signaling center.

Material and methods

Animals

The use of CD1 and C57BL/6 mice in the present study was approved
by the Department of Biomedicine, Faculty of Medicine and Den-
tistry, University of Bergen, under the surveillance of the Norwegian
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Animal Research authority. Breeding pairs of both mouse strains
were kept together for over 3 nights. The appearance of a vaginal
plug was taken as day 0 of embryogenesis and the day of parturi-
tion as postnatal day 0. Embryos and postnatal mice were collected
at embryonic days (E) 10-14 and 16-18, as well as postnatal days
(PN)O, 2, 4,7 and 11.

Immunohistochemistry

VEGFR2 (KDR/FLK1) is a specific marker for forming embryonic
blood vessels arising by both vasculogenesis and angiogenesis; an
antibody against it has earlier been used to detect developing
blood vessels in tooth germ (Quinn et al. 1993; Yamaguchi et al.
1993; Nait Lechguer et al. 2008). The heads of embryos and the
mandibles of postnatal pups were embedded in Tissue-Tek OCT
(Sakura Finetek, USA) and stored at —80 °C. Fresh frozen frontal
and sagittal sections of the mandibular first molar tooth germ were
cut serially into 16- and 30-um-thick sections for the early embryonic
and other stages, respectively. Tissue sections were placed on slides
and dried for 30 min, and stored at —80 °C before use. For
immunohistochemistry, tissue sections were first fixed in 4%
paraformaldehyde (PFA) for 15 min and subsequently incubated in
cold methanol for 30 min and blocked with 10% donkey serum
(D9663, Sigma-Aldrich Corporation, St. Louis, MO, USA) for 30 min
at room temperature. Sections were then incubated in polyclonal
goat anti-mouse VEGFR2 (AF644, R&D Systems, Abingdon, UK;
1 : 20 dilution) primary-conjugated donkey anti-goat (705-066-147,
Jackson ImmunoResearch Laboratories Inc., West Grove, PA, USA;
1 : 250 dilution) secondary antibody at 37 °C for 1 h. The avidin
biotin peroxidase complex method (PK 4000, Vectastain Elite ABS
kit; Thermo Fisher Scientific Inc., Waltham, MA, USA) was used
according to the instructions of the manufacturer. 3-Amino-9-ethyl-
carbazole (AEC; A6926, Sigma-Aldrich Corporation) was applied as
a chromogen. Sections were observed in a Zeiss Axioskop 2 Plus
microscope (Oberkochen, Germany). Digital photomicrographs
were taken using a Spot Insight digital camera (Diagnostic Instru-
ments, Sterling Heights, MI, USA). The image plates were prepared
using Adobe PHotosHor CS5 software (Adobe Systems Incorporated,
San Jose, CA, USA).

Double immunofluorescence staining

The heads of embryos and the mandibles of postnatal pups were
embedded in Tissue-Tek OCT (Sakura Finetek, USA) and stored
at —80 °C. Fresh frozen frontal, horizontal and sagittal sections of
the mandibular first molar tooth germ were cut serially, and identi-
cally, into 16-um-thick sections for the early embryonic stages and
30-um-thick sections for the other stages. Embryonic tissues were
cut into serial sections covering the whole tooth germ. Postnatal
lower jaws were cut into identical sections. Tissue sections were
placed on slides and dried for 30 min, and stored at —80 °C. Sec-
tions were first fixed in 4% PFA for 15 min and then placed in cold
methanol for 30 min, and blocked with 10% donkey serum (D9663,
Sigma-Aldrich Corporation) for 30 min at room temperature. The
slides were incubated at 4 °C overnight with the primary polyclonal
goat anti-mouse VEGFR2 (1 : 20 dilution) and polyclonal rabbit
anti-rat peripherin (AB1530, Chemicon International, Temecula, CA,
USA; 1 : 100 dilution) antibodies. Peripherin antibody detects devel-
oping neurites during early tooth formation in the mouse and has
been used in several studies (Loes et al. 2002; Kettunen et al. 2005,
2007; Shrestha et al. 2014). Sections were subsequently incubated
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in secondary fluorescein (FITC) donkey anti-goat antibody (for
VEGFR2; 1 : 50 dilution) and then washed three times in 1x phos-
phate-buffered saline (PBS), which was followed by blocking in
10% normal goat serum for 30 min at room temperature. There-
after, the slides were incubated in Cy3 goat anti-rabbit antibody
(for peripherin; 1 : 100 dilution) for 1 h at 37 °C. In addition, poly-
clonal rabbit anti-human alpha smooth muscle actin (-aSMA;
AB5694, Abcam, UK; 1 : 100 dilution) and mouse monoclonal anti-
body against neurofilament 200 (NF200; NO142, Sigma-Aldrich,
USA; 1: 100 dilution) were employed to visualize smooth muscle
cells covering endothelial cells and neurites, respectively. Staining
was performed on horizontal tooth sections. Cy3 donkey anti-rabbit
(for -aSMA; 1 : 50 dilution) and FITC donkey anti-mouse (for NF200;
1:50 dilution) were used as secondary antibodies, which were
incubated for 1 h at 37 °C. Sections were mounted using Vec-
tashield mounting medium (Vector H-1200; Vector Laboratories,
Burlingame, CA, USA). Sections were observed sequentially with
4 ,6-diamidino-2-phenylindole (DAPI), Cy3 and FITC filter sets in a
Zeiss Axioplan microscope (Carl Zeiss AG, Germany), and three chan-
nel images were taken with a Zeiss Axiocam digital camera.

c¢DNA and in situ hybridization

For in situ hybridization the heads of embryos and the mandibles of
postnatal pups were fixed in 4% PFA overnight. Subsequently, the
tissues were dehydrated in ethanol and embedded in paraffin, and
serial or identical 7-um-thick sections were cut. Tissue sections were
stored at 4 °C until used. Sectional radioactive in situ hybridization
was performed as described earlier (Luukko et al. 1996; Kettunen &
Thesleff, 1998). The following plasmids were used to generate the
probes: 1.8 kb mouse Vegf (covers 3' two-thirds of the coding
region, as well as the entire 3-untranslated region) subcloned in
pBluescript (Stratagene, La Jolla, CA, USA) plasmid (Shweiki et al.
1992; Dumont et al. 1995), and 726 bp mouse Vegfr2 (partial cDNA
spanning the transmembrane domain and part of the extracellular
ligand-binding domain) in pGEM7 plasmid (Promega; Yamaguchi
et al. 1993; Dumont et al. 1995). Each plasmid was linearized by the
appropriate restriction endonuclease and applied in in vitro tran-
scription of 3°S-UTP-labeled antisense and sense RNA probes using
RNA polymerase. Hybridization was carried out for 15-20 h. For
autoradiography, the slides were coated with NTB-2 emulsion (East-
man Kodak, Rochester, NY, USA). After 3-4 weeks’ exposure, the
sections were developed in Kodak D-19 and fixed with Unifix (East-
man Kodak) fixative. The slides were counterstained with hema-
toxylin, and mounted with Depex (Electron Microscopy Sciences,
Hatfield, PA, USA). Sections were observed using a Zeiss Axioskop 2
Plus microscope with high and low magnification objectives and
representative digital bright- and dark-field images were taken
with 5 0.15 NA and 10 0.3 NA objectives and a Spot Insight camera.
Image plates were constructed using Adobe PHotosHor CS4 software.
No specific hybridization signal was observed in sections hybridized
with control sense probes (not shown).

RT-PCR analysis

Total RNA was isolated from E14 mouse molar tooth germs using
GenElute Mammalian total RNA Miniprep Kit (Sigma cat no. RTN70-
1KT) and reverse-transcribed with RevertAid M-MuLV reverse tran-
scriptase for RT-PCR (Fermentas, cat no. EP0441). VEGF and GAPDH
(glyceraldehyde 3-phosphate dehydrogenase) genes were amplified
using Taq DNA polymerase (VWR cat no. 5101600-0100) for 40
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cycles using various concentrations of MgCl, (1.5-2.5 mwm). The PCR
products were fractionated by electrophoresis in 2% agarose gel.
The following primer pairs were used for PCR amplification:
GAPDH-F  (5-GCTGAGTATGTCGTGGAGTC-3'/GAPDH-R  (5'-TTGGT
GGTGCAGGATGCATT-3') and VEGF-F (5-GACCCTGGTGGACATCTTC
CAGGA-3'/VEGF-R (5-GGT GAG AGG TCT GGT TCC CGA-3). The pri-
mers have been used earlier (Mukouyama et al. 2002; Ruhrberg
et al. 2002).

Western blot

Mouse E16 mandibular molar tooth germs were homogenized
using a manual homogenizer in 200 pL loading buffer [2% sodium
dodecyl sulfate (SDS), 10% glycerol, 50 mm Tris-HCl, pH 6.8 and
0.1% Bromophenol blue]. The tissues were subsequently vortexed
and centrifuged. A 50-uL sample was loaded and proteins were sep-
arated by 12% acrylamide gel (SDS-PAGE). Electroblotting of pro-
teins to a nitrocellulose membrane was performed overnight. The
membrane was blocked with 5% dry milk in PBS-0.1% Tween 20.
Polyclonal goat anti-mouse VEGF164 (R&D Systems, cat no. AF493;
0.1 ug mL™") was added and incubation performed overnight. This
was followed by a PBS-0.1% Tween 20 wash and incubation in HRP-
conjugated anti-goat antibody (Dako 1 : 2000). The Bio-Rad Kalei-
doscope ladder (cat no. 161-0375) was used as a molecular weight
standard. Bound antibody was visualized using the ECL detection
system (enhanced Super Signal Chemiluminescence Kit, 34096
Pierce, USA) and an Image Reader (Las-3000 version 2.0W).

Results

Comparison of the development of the blood vessels
and peripheral nerves in the mouse mandibular first
molar primordium

Before initial histological signs of the mandibular first molar
tooth formation at embryonic day 10 (E10), many VEGFR2-
immunoreactive blood vessels were broadly scattered in the
jaw mesenchyme, including the presumptive area of the
dental mesenchyme (Fig. 1A). It was noteworthy that many
blood vessels were present close to, and possibly even in
contact with, the oral epithelium (Fig. 1A, an arrow). In
contrast, the trigeminal mandibular neurites have been ear-
lier demonstrated in the deep core area of mandibular pro-
cess mesenchyme, located far from the presumptive first
molar region itself (Lumsden, 1982; Loes et al. 2002; Ket-
tunen et al. 2005, 2007).

At the epithelial thickening stage (E11) numerous dis-
persed blood vessels were evident in the mandibular mes-
enchyme (Fig. 1A2,A4). Although they also persisted in the
presumptive dental mesenchyme area, they were no longer
present in close proximity to the oral or dental epithelium.
At the early bud stage (E12) of tooth development, blood
vessels appeared in the outer edge of the dental mes-
enchyme and in surrounding peridental mesenchyme
(Fig. 1B1). The inferior alveolar nerve located in the deep
core part of the mandibular mesenchyme was evident in
E11 embryos (Fig. 1A3,A4). At E12 the molar nerve

emerging from this major nerve branch has been reported
to head towards the tooth target (Kettunen et al. 2005).

At E13, the dental mesenchyme had condensed around
the invaginated bud-shaped dental epithelium (Fig. 1B2,B4,
B5). Blood vessels were localized in the mesenchyme around
the tooth germ. On the buccal side of the tooth germ, two
parallel blood vessels followed the contour of the tooth
germ (Fig. 1B2,B4). At this stage, the first neurites had
branched from the molar nerve, encountered the presump-
tive dental follicle target area, and extended to the buccal
side of the tooth germ (Luukko et al. 2005; Fig. 1B3,B4).
These axons appeared to accompany blood vessels to the
tooth target area and thereafter follow them to the buccal
side of the tooth (Fig. 1B4; white stars).

One day later (E14), the enamel organ had acquired a cap
shape and surrounded the innermost area of the condensed
dental mesenchyme, defined as the dental papilla; the den-
tal mesenchymal cells, which surround the enamel organ
and dental papilla, had formed the dental follicle (Fig. 1C1,
C5). A higher number of blood vessels were found encir-
cling the dental epithelium and dental papilla in the dental
follicle area. Similarly, an increased number of nerve fibers
were seen in the dental follicle target field area around the
tooth germ on both buccal and lingual sides. Of note,
whereas the first blood vessels, emerging from the blood
vessel plexus at the base of the tooth germ, entered the
dental papilla (future dental pulp; Fig. 1C1,C2,C4), no
nerves were seen inside the dental papilla (Fig. 1C2,C4), in
line with earlier reports (Mohamed & Atkinson, 1983; Ket-
tunen et al. 2005, 2007).

During subsequent development, when the molar tooth
germ had reached the early bell stage (E16 and 17;
Fig. 1D2-D5), numerous blood vessels were observed in the
dental follicle. Even though a heavy concentration of blood
vessels were seen in contact with the outer enamel epithe-
lium, they were absent from the enamel organ. An
increased number of blood vessels were also evident within
the dental papilla. Large diameter blood vessels were seen
in the middle core area of the papilla mesenchyme and
appeared to run towards the inner dental epithelium. An
apparent plexus of thin blood vessels with many ramifica-
tions was seen to develop next to the preodontoblast layer
(Fig. 1D2,D4). Many neurites were seen in the mesenchymal
dental follicle target field surrounding the tooth germ, but
they were still absent from the dental papilla or enamel
organ (Fig. 1D3,D4).

In the later embryonic bell stage and in newborn tooth
germs (E18 and PNO), a large number of blood vessels per-
sisted in the dental follicle and clusters of blood vessels
were evident in the dental papilla (Figs 1D1 and 2A1,A3).
Relatively large-diameter vessels were observed running
from the primary apical foramen area towards the coronal,
subodontoblastic area, where a plexus of small diameter
blood vessels were present. Interestingly, at E18, blood ves-
sels were seen in the epithelial enamel organ for the first
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Fig. 1 Distribution of VEGFR2-positive blood vessels in the mandibular process and tooth germ at selected embryonic stages (E10, E12, E14 and
E18) detected by immunohistochemistry and comparison of the localization of blood vessels and nerve fibers in the mouse mandibular first molar
tooth germ at selected embryonic stages (E11, E13, E14 and E17), detected by immunofluorescence staining using anti-VEGFR2 and anti-peripherin
antibodies (frontal sections). Immunofluorescence images are shown in the FITC channel (A2, B2, C2, D2), Cy3 channel (A3, B3, C3, D3), merged
channel (A4, B4, C4, D4) and DAPI channel (A5, B5, C5, D5). (A1) At E10, blood vessels were spread all over the mandibular process and some
vessels were in contact with oral epithelium (black arrow). (A2-A5) At E11, blood vessels were detected within the mandibular mesenchyme cover-
ing also the presumptive dental mesenchyme. Nerves were located far away from the tooth area. (B1) At E12, blood vessels were detected at a
considerable distance from the dental epithelium. (B2-B5) At E13, blood vessels were present in the outer border of the condensed dental mes-
enchyme. The first neurites grew into the target area and extended to the buccal side of the tooth germ. (C1-C5) At E14, pioneer branches of
blood vessels started to enter the dental papilla (black arrow). A new neurite branch grew to the lingual side of the tooth germ. (D2-D5) At E17,
blood vessels were abundant in the papilla, but dental neurites remain in the dental follicle. (D1) At E18, blood vessels entered the enamel organ
as a result of accompanying the outer enamel invaginations (black arrow). Differentiation of blood vessel plexus (black arrowhead) next to the
inner dental epithelium and larger diameter vessels (green arrowhead) in the deeper dental papilla is clearly discernible at E18. de, dental epithe-
lium; df, dental follicle; dp, dental papilla mesenchyme; ide, inner dental epithelium; Mp, mandibular process; pm, presumptive dental mes-
enchyme; sr, stellate reticulum cells. Scale bar in (A1): 100 um; applies to A1-D5.

time (Fig. 1D1; black arrow). At the newborn stage, blood At PN2, dentin deposition in the tooth crown commences
vessels were relatively close to the stratum intermedium and is followed by enamel production, which had become
cells (Fig. 2A1,A3). Similar to the cap and early bell stages, more evident at PN4. Similar to earlier stages, many blood
nerve fibers were seen around the tooth germ, but they vessels and nerve fibers were apparent around the tooth
were absent from the dental pulp and enamel organ germ (Figs 1D1 and 2B1-B4). Similarly, blood vessels were
(Fig. 2A2,A3). evident in the dental pulp with an apparent blood vessel
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Fig. 2 Localization of blood vessels and nerve fibers in the mouse mandibular first molar tooth germ at postnatal stages PNO, PN4 and PN7
detected by immunofluorescence using anti-VEGFR2 and anti-peripherin antibodies, respectively (A1-C4). At PN2 and PN11, blood vessel distribu-
tion in the tooth germ is displayed by immunohistochemistry with anti-VEGFR2 antibody (D1-D2). Images are shown in the FITC channel (A1, BT,
C1), Cy3 channel (A2, B2, C2), merged channels (A3, B3, C3) and DAPI channel (A4, B4, C4). Scale bar in (A1): 100 um; applies to A1-D2.
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plexus in the subodontoblastic area. Some blood vessels
also appeared to have reached the odontoblast layer. In the
epithelial compartment of the tooth, the number of blood
vessels had increased and they were now located next to
the stratum intermedium cells adjacent to the ameloblast
layer, forming a plexus-like structure (Fig. 2D1). At PN4,
branches of nerve fibers were found to have grown into
the dental pulp for the first time, following the initiation of
enamel deposition (Fig. 2B2,B3). It was also observed that
some of the nerve fibers entered the pulp were associated
with the larger blood vessels (Fig. 2B3). At PN7, the forma-
tion of the mesial and distal roots of the molar tooth had
been initiated, followed by their further growth and elon-
gation as seen at PN11 (Fig. 2D2). More blood vessels were
seen inside the dental pulp, and similar feature was also
observed in the enamel organ. Thick bundles of vessels had
entered the dental pulp through the mesial and distal root
areas and, in particular, the thicker nerve bundles appeared
to follow larger blood vessels. Smaller diameter blood ves-
sels were detected in the coronal pulp, especially next to
the odontoblast layer (Fig. 2C1,C3).

Some nerve fibers have been documented to accompany
blood vessels but many also lie without vascular contact in
the adult tooth pulp (Uddman et al. 1999). We therefore
studied the association between growing neurites and
blood vessels during early postnatal pulp development. We
performed double immunofluorescence (IF) staining using
anti-VEGFR2 and anti-peripherin antibodies, as well as anti-
NF200 and anti-aSMA antibodies. Peripherin and NF200
(neurofilament 200) were used as markers for nerve fibers
(Debus et al. 1983; Kettunen et al. 2005), VEGFR2 for
endothelial cells (Yamaguchi et al. 1993) and «SMA for vas-
cular smooth muscle cells (Skalli et al. 1986). Previously,
nerve-associated blood vessels have been reported to be
covered by aSMA-immunopositive smooth muscle cells in
skin (Li et al. 2013). Localization of NF200 and «SMA should
therefore reveal association between nerve fibers with
blood vessels covered with smooth muscle cells. After the
nerve fiber ingrowth into the dental pulp, the thicker neu-
rite bundles, but not the thin ones or individual neurites,
were found to associate with blood vessels at PN4 (not
shown), PN7 and PN11 (Fig. 3A1-B1). Double IF staining
with anti-NF200 and anti-aSMA antibodies revealed that
blood vessels the majority of the neurites were closely
aligned with, were covered by smooth muscle cells espe-
cially at PN7 and PN11 (Fig. 3A2-B2). Because pioneer blood
vessels were found to grow into the dental papilla already
at E14, this prompted us to investigate when these blood
vessels start to receive smooth muscle coverage. Double
immunoreactivity staining with anti-VEGFR2 and anti-aSMA
antibodies showed aSMA immunoreactivity in mandibular
artery at E14, whereas no such reactivity was observed in
the dental blood vessels (Fig. 3C1-C4). At E16 early bell
stage, some of the blood vessels, which had grown into the
dental papilla, and those located in the dental follicle, were
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aSMA-immunopositive (Fig. 3D1-D4). It appears, therefore,
that initiation of smooth muscle coverage of dental papilla
blood vessels in the molar tooth germ takes place at the
early bell stage about 2 days after appearance of the pio-
neer blood vessels in the dental papilla.

Developmentally regulated cellular expression of
VEGF mRNA in the developing tooth

As VEGF is a critical regulator of blood vessel development
(Carmeliet et al. 1996; Ferrara et al. 1996; Yancopoulos
et al. 2000), spatio-temporal cellular expression patterns of
VEGF mRNA were investigated using sectional in situ
hybridization during embryonic and postnatal development
of the mouse mandibular first molar during E11-PN1
(Fig. 4). At the epithelial thickening (E11) stage, VEGF
mRNA exhibited a positive, though weak and diffuse,
hybridization signal in the presumptive dental mes-
enchyme, as well as in deep mandibular and maxillary mes-
enchyme (Fig. 4A1,A2), whereas the developing heart, in
line with earlier reports, (Ferrara et al. 1996; Lagercrantz
et al. 1998; Lymboussaki et al. 1999) showed a notable
expression of Vegf (Fig. 4A1,A2). At E12 early bud stage,
weak expression of Vegf was observed in the upper molar
dental mesenchyme and epithelium, whereas a notable
hybridization signal was detected in the buccal peridental
mesenchyme in the lower first molar (Fig. 4B1,B2). Two
days later, at the early cap stage (E14), Vegf expression was
prominent in the epithelial primary enamel knot and adja-
cent dental papilla mesenchyme (Fig. 4C1,C2). During the
bell stage, the secondary enamel knots, which define the
sites and number of the molar cusps, develop, and tooth-
specific crown morphogenesis takes place (Jernvall et al.
1994; Luukko et al. 2003). During the early bell stage at E15
and later bell stage at E18, the enamel knots as well as part
of the inner and outer dental epithelium, stratum inter-
medium and stellate reticulum cells, displayed prominent
Vegf expression (Fig. 4D1,D2,E1,E2). The final stages of the
first molar tooth crown formation take place postnatally by
formation of dentin and enamel hard tissues. Postnatally, at
PN1, Vegf expression continued in the enamel organ. The
most intense expression was seen in the stratum inter-
medium and stellate reticulum in the areas of future mesial
slopes of the future cusps (Fig. 4F1,F2).

Expression of Vegf splicing variants and VEGF
protein in the developing tooth germ

The VEGFA gene has eight exons, alternative splicing of
which gives rise to at least four isoforms in the mouse,
namely VEGF120, VEGF144, VEGF164 and VEGF188 (Ferrara,
2004). A shorter form, VEGF115, has been identified in
immortal mouse embryonic fibroblasts (Sugihara et al.
1998). A protein product of exon six is responsible for bind-
ing of VEGF188 and VEGF144 to heparan-sulfate
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proteoglycans in extracellular matrix. Exon seven in
VEGF165 is responsible for moderate diffusibility of this iso-
form. VEGF120 lacks exons six and seven and is conse-
quently highly soluble (Ferrara, 2004). VEGF120, VEGF144,
VEGF165 and VEGF188 isoforms are expressed during
mouse embryogenesis (Ng et al. 2001; Mukouyama et al.
2002; Ruhrberg et al. 2002). As the Vegf probe used in
in situ hybridization potentially recognizes all isoforms, we
investigated which isoforms are present in the developing
tooth. RT-PCR analysis with specific primers showed that
E14 cap stage tooth germ mainly expresses VEGF120, 144
and 164 isoforms (Fig. 5A). Two additional weak bands,
likely VEGF188 and VEGF115 isoforms, were also seen. VEGF
protein is secreted from cells as a double homodimer with a
molecular weight of 45 kDa (Ferrara & Henzel, 1989; Muk-
ouyama et al. 2002; Ferrara, 2004). Western blot analysis of
microdissected E16 molars, which was employed under non-
reducing conditions, showed a faint band of about 45 kDa
VEGF protein (Fig. 5B).

Cellular expression of VEGFR2 mRNA during tooth
development

VEGFR2 is a cell membrane bound protein and the major
receptor for VEGF. To investigate expression of VEGFR2
MRNA during early tooth histomorphogenesis, and to com-
pare its expression with that of Vegdf, its cellular localization
was investigated using sectional in situ hybridization during
embryonic and postnatal development of the mouse
mandibular first molar (E11-PN1). In addition, localization
and expression intensity of VEGFR2 mRNAs were compared
with that of VEGFR2 protein in histological tooth sections.
Vegfr2 hybridization signal was prominent in the blood ves-
sels and showed high correlation to VEGFR2 immunoreac-
tion during E11 to PN1 (Fig. 4A4,B4,C4,D4,E4,F3). Based on
the in situ hybridization localization data, it appears that
Vegfr2 is predominantly, if not exclusively, produced in the
developing blood vessels during tooth formation. The
intensity of MRNA expression was generally high and
homogeneous throughout the stages studied. In PN1 tooth,
however, Vegfr2 expression appeared to be elevated in
blood vessels in the vicinity of the stratum intermedium cell
layer next to the preameloblasts, before the onset of
enamel production (Fig. 4F4).
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Discussion

During odontogenesis, development of key tooth support-
ing tissues, nerves and blood vessels take place concomi-
tantly with advancing tooth morphogenesis. To address
putative developmental relationships between dental blood
vessels and peripheral neurites, the time-course and local-
ization of blood vessels and their differentiation were ana-
lyzed and compared with the growth and distribution of
nerve fibers during embryonic and postnatal development
of the mandibular first molar tooth germ using immunoflu-
orescence staining on sections. Moreover, cellular expres-
sion of VEGF, an essential regulator of blood vessel
formation, and its signaling receptor VEGFR2 were investi-
gated during odontogenesis.

Formation of  tooth vascular  supply is
developmentally regulated and spatio-temporally
coordinated with tooth morphogenesis and precedes
tooth innervation

Comparison of the localization of developing blood vessels
and neurites showed that the development of tooth vascu-
lature preceded that of innervation. Before and during ini-
tial stages of tooth histomorphogenesis at E10 and E11,
numerous blood vessels were dispersed throughout the
mandibular process mesenchyme, including the presump-
tive dental mesenchyme that preceded the appearance of
the single trigeminal molar nerve at E12, which is the first
one to innervate the tooth germ (Luukko, 1997; Kettunen
et al. 2005, 2007). Later at the bud stage, dental blood ves-
sels formed a plexus, whereas the first neurites had just
reached the tooth target at this stage (Luukko, 1997; Ket-
tunen et al. 2005, 2007). The leading neurite(s) heading to
the E13 bud stage tooth germ and turning buccally appears
to follow the preexisting blood vessels (Fig. 1B1-B3). Inter-
estingly, the first blood vessels, emerging from the plexus,
entered the dental papilla (future dental pulp) at the early
cap stage (E14), slightly earlier than reported in the previ-
ous study (Rothova et al. 2011). Later, at the bell stage, pre-
ceding the final differentiation of the odontoblasts, small-
diameter blood vessels formed a plexus under the preodon-
toblast layer in the future cusp area. The first neurites did
not invade the dental pulp before the postnatal day 4.

Fig. 3 Comparison of the localization of blood vessels and neurites in the mandibular first molar tooth germ at selected postnatal stages (PN7,
PN11) detected by immunofluorescence using anti-VEGFR2 and anti-peripherin antibodies (A1, B1). Anti-aSMA and anti-NF200 antibodies were
used to display association of neurites with blood vessels with aSMA-immunopositive mural cells (A2, B2). Sections are approximately from the
level of the future enamel-cementum junction. (Horizontal sections) Scale bar in (A1): 100 pum; applies to (A1-C2). (D1-E4) Blood vessels and
adjoining smooth muscle cells in sagittal sections of mandibular first molar tooth germs at E14 and E16, detected by immunofluorescence using
anti-VEGFR2 (C1, D1) and anti-aSMA antibodies, respectively (C2,D2). (C4, D4) DAPI staining to display cell nuclei. C4 and D4 show merged chan-
nels. Blood vessels with no smooth muscle cells accompanying them are seen in the E14 dental follicle and papilla. The inferior alveolar artery is
enveloped by smooth muscle cells (C1-C3). Two blood vessels with aligned smooth muscle cells are observed to invade E16 dental pulp (white

arrowheads) (D1-D3). Scale bar in (C1): 100 um; applies to (C1-D4).
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Fig. 4 Bright- (A1, A3, B1, B3, C1, C3, D1, D3, E1, E3, F1, F3) and dark-field (A2, A4, B2, B4, C2, C4, D2, D4, E2, E4, F2, F4) images of E11,
E12, E14, E15, E18 and PN1 tooth germs showing VEGF and VEGFR2 mRNA expression in the developing mandibular first molar tooth germ and
neighbouring tissues. Coronal (A1-D4) and sagittal (E1-F4) sections. Scale bars: (A1-A4,C1-D4) 100 pm, (B1-B4,F1-F4) 200 pm.

Some thicker nerve fibers appeared to follow, to some
extent, preexisting blood vessels in the center of the pulp.
At PN7 and PN11, thicker nerve bundles were associated
with smooth muscle-covered blood vessels likely represent-
ing thin arteries. Finally, before differentiation of the ame-
loblasts started, blood vessels grew, following the outer

enamel epithelium invaginations (Decker, 1967; Yoshida
et al. 1985) to the stratum intermedium area. The present
data show that tooth vascularization precedes tooth inner-
vation. The development and patterning of embryonic and
postnatal tooth blood supply, as shown earlier for the
development of tooth trigeminal innervation (Luukko et al.
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Fig. 5 (A) RT-PCR analysis of cDNA derived from E14 tooth germs
using primers specific for Vegf or Gapdh. Water was used as a nega-
tive control. The predominant Vegf isoforms the E14 tooth germ
expresses are Vegf164, Vegf144 and Vegf120. (B) Western blot analy-
sis shows VEGF protein with a molecular mass of about 45 kDa pre-
sent in E16 tooth germs under non-reducing conditions.

2005, 2008), is a distinct, stepwise process that takes place
in a developmentally regulated, well-defined manner and
is intimately coupled with advancing histomorphogenesis
of the tooth germ proper. In particular, the finding that
blood vessels were not allowed to enter the dental papilla
before the cap stage, suggests that there occurs a shift of
net influence apparently by down- and up-regulation of
locally produced molecules that mediate a repellent and/or
attractive influence on developing blood vessels, allowing
the ingrowth of the blood vessels into the future dental
pulp, as has previously shown for the ingrowing dental
trigeminal nerve fibers. Ingrowth of blood vessels into the
enamel organ appears to involve similar local control. Local
tissue interactions regulate tooth morphogenesis and tooth
innervation (Mina & Kollar, 1987; Lumsden, 1988; Kettunen
et al. 2005; Thesleff & Nieminen, 2005; Luukko & Kettunen,
2016). We propose that they regulate tooth vascularization
and its integration with advancing tooth formation.

Tooth vasculogenesis and innervation is suggested
to take place in an independent and non-
independent manner

In the adult, blood vessels and nerves are frequently
arranged in an orderly pattern and are located alongside
one another, which is defined as neurovascular congru-
ency (Martin & Lewis, 1989; Hildebrand et al. 1995; Rodd
& Boissonade, 2003; Oh & Gu, 2013; Steiniger et al. 2013).
In several organs such as limbs, skin, hair follicles and
intestine, neurovascular congruency is established during
embryogenesis through different mechanisms (Bates et al.
2002; Mukouyama et al. 2002; Oh & Gu, 2013; Hatch &
Mukouyama, 2015). In skin, sensory nerves are able to
direct blood vessels to align along the nerves (Muk-
ouyama et al. 2002) and blood vessels, in turn, may
instruct sympathetic nerves to follow the vessels (Honma
et al. 2002; Glebova & Ginty, 2005; Damon et al. 2007;
Nam et al. 2013; Brunet et al. 2014; Hatch & Mukouyama,
2015). It is not always the endothelial cells, but the
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aligning aSMA immunoreactive mural cells that produce
neurite attractive molecules, including artemin, neu-
rotrophin 3 (NT3), NGF, netrin1 and endothelin involved
in sympathetic axon guidance (Glebova & Ginty, 2005;
Makita 2008; Nam et al. 2013; Brunet et al. 2014). In
addition to establishing neurovascular congruence
through interaction between nerves and blood vessels,
neurovascular congruence may be directed by tooth-
organ itself as earlier proposed for other tissues such as
whisker follicle (Oh & Gu, 2013).

Development of both neural and vascular systems has
been shown to involve signaling activity of multiple pro-
teins and receptors such as VEGF, VEGFR, semaphorins, plex-
ins, neuropilin, Eph/ephrins, slitRoundabouts, Sonic
Hedgehog(SHH) and netrin (Gelfand et al. 2009; Adams &
Eichmann, 2010; Bellon et al. 2010; Ruiz de Almodovar
et al. 2011). Based on the present findings that dental
blood vessels appear before dental sensory neurites, it is
proposed that navigation and patterning of the sensory
neurites are partially influenced by blood vessels. The pio-
neer axons of the molar nerve appeared to follow blood
vessels to the tooth target and around the tooth. Similarly,
axons appeared to follow preexisting blood vessels as they
penetrated the dental pulp. However, in later developmen-
tal stages, many neurites did not appear to associate with
blood vessels in the pulp. Thus, development of tooth vas-
culature and sensory innervation appears to be partially
interrelated and takes place both independently and
dependently of the blood vessels according to the develop-
mental stage. Ingrowing sympathetic axons that enter the
pulp later may follow blood vessels, as shown in other
organs (Honma et al. 2002; Glebova & Ginty, 2005; Damon
et al. 2007; Moe et al. 2008). This apparently is dependent
on local interactions between the blood vessels, neurites
and dental cells and tissues.

Vascular Endothelial Growth Factor(VEGF) is
suggested to mediate local, tooth organ-blood vessel
interactions and regulate development of tooth
vascularization

Development of organ vasculature involves instructions
from the organ (Oh & Gu, 2013), and the development of
blood vessels and nerves involves shared molecular mecha-
nisms (Martin & Lewis, 1989; Adams et al. 1999; Bates et al.
2002; Carmeliet & Tessier-Lavigne, 2005; Gelfand et al.
2009; Adams & Eichmann, 2010; Oh & Gu, 2013). This
prompted us to address putative developmental functions
of VEGF by studying its expression during tooth develop-
ment. VEGF is a secreted protein, which is an important reg-
ulator of embryonic blood vessel formation and regulates
vasculogenesis and angiogenic sprouting by affecting pro-
liferation and cell migration (Carmeliet et al. 1996; Ferrara
et al. 1996; Gelfand et al. 2009). Mouse VEGF has three
principal isoforms, defined as VEGF120, VEGF164 and
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VEGF188, which are generated by alternative splicing
(Mackenzie & Ruhrberg, 2012). Each isoform has a distinct
affinity for heparan sulfate, and consequently they form a
VEGF gradient in the tissues (Poltorak et al. 1997; Ferrara,
2004; Carmeliet & Tessier-Lavigne, 2005). RT-PCR analysis
shows that the cap stage tooth germ expresses several Vegf
isoforms, such as mRNA of freely soluble VEGF120 as well as
VEGF144 and VEGF164, both of which bind cell surface and
extracellular matrix (Poltorak et al. 1997; Ruhrberg et al.
2002; Ferrara, 2004). Sectional in situ hybridization revealed
that Vegf exhibits spatio-temporally regulated cellular
expression domains in both epithelial and mesenchymal tis-
sue components during tooth development that showed
apparent correlation with the development and localization
of dental blood vessels. In particular, at E14 cap stage tooth,
a prominent Vegf expression appeared in the enamel knot
signaling center and dental papilla mesenchyme before the
onset of blood vessel ingrowth into the papilla. We propose
that VEGF may initiate and attract the ingrowth of the
blood vessels into the dental papilla from the blood vessel
plexus located in the base of the dental follicle, and further
guide vessel branches to the developing cuspal areas by cre-
ating a protein gradient. Similarly, Vegf expression in the
stellate reticulum and stratum intermedium cells preceded
ingrowth of blood vessels into the enamel organ, i.e. before
terminal differentiation of ameloblasts and enamel produc-
tion, suggesting related functions. In support of this, similar
findings have been reported in the retina, where intense
Vegf expression was seen in front of the vascular plexus
(Stone et al. 1995; Gerhardt et al. 2003).

We also found VEGF signaling receptor VEGFR2 in the
developing dental blood vessels. In addition, its co-receptor
NPN1, which binds VEGFss and enhances binding of
VEGF,65 to VEGFR2 (Kitsukawa et al. 1995, 1997; Simons
et al. 2016), is expressed in the dental blood vessels during
molar tooth formation (Loes et al. 2001; Lillesaar & Fried,
2004) and NPN1 molars do not develop beyond the early
bud stage, apparently due to general embryonic defects in
vascular remodeling (Kawasaki et al. 1999; Kettunen et al.
2005). Thus, we suggest that the tooth target expressed
VEGF, through binding VEGFR2, and its NPN1 co-receptor,
acts as a critical regulator of the development and pattern-
ing of tooth vasculature by mediating local signaling inter-
actions between the tooth target and blood vessels (Vieira
et al. 2007). Moreover, sonic hedgehog (SHH) signaling has
been reported earlier to be necessary for tooth vasculariza-
tion (Gritli-Linde et al. 2002). The function of SHH may be
indirect. as it stimulates VEGF mRNA expression in mes-
enchymal cells (Pola et al. 2001).

VEGF signaling may serve neuronal and non-

neuronal functions during tooth formation

Vascular endothelial growth factor signaling serves multiple
neuronal and developmental functions (Carmeliet and Ruiz

de Almodovar, 2013). VEGF, by binding directly NPN1, has
been shown to direct neuronal guidance, survival and pat-
terning (Schwarz et al. 2004; Cariboni et al. 2011; Tillo et al.
2015) and to promote guidance of commissural axons (Ersk-
ine et al. 2011). VEGF acts also as a chemoattractant to com-
missural axons and stimulates growth of peripheral axons
through VEGFR2 (Sondell et al. 1999, Sondell et al. 2000,
Ruiz de Almodovar et al. 2011). Trigeminal dental nerve
fibers show NPN1 immunoreactivity during mouse molar
development (Kawakami et al. 1996; Kolodkin et al. 1997;
Lillesaar & Fried, 2004; Kettunen et al. 2005; Sijaona et al.
2011) and NpnT-deficient mouse embryos have defects in
tooth innervation (Kettunen et al. 2005). Thus, it is possible
that VEGF signaling is involved in regulation of tooth inner-
vation by acting directly on developing axons. Moreover,
VEGF expression in the primary enamel knot may even sug-
gest functions for VEGF in morphogenesis. Previously VEGF
has been proposed also to regulate cell differentiation,
namely chondrocyte and osteoblast differentiation (Carl-
evaro et al. 2000; Duan et al. 2015).

Conclusions

In the present study, it was found that the development
and patterning of the dental blood vessels take place in a
distinct, spatio-temporally regulated manner that is inti-
mately coupled with advancing tooth morphogenesis and
cell differentiation. Tooth innervation appears to occur by
vasculogenesis in an independent and a non-independent
manner. Development of the tooth vascular supply is pro-
posed to involve local, tooth-specific regulation by epithe-
lial-mesenchymal tissue interactions and tooth target
expressed VEGF signaling that is developmentally regulated.
Future investigations are warranted to elucidate further the
regulatory mechanisms of integration of the tooth-support-
ing tissues with the tooth histomorphogenesis.
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